This study was performed with the aim of detecting the interaction between cartilaginous and bone tissues in the process of mandible morphogenesis in human embryos. Material and Methods Whole-mount skeletal preparations, stained with Alcian blue and Alizarin red, as well as serial histological sections impregnated with silver and stained with hematoxylin and eosin were studied. A total of 48 human embryos/fetuses from 5 to 29 weeks of age were used. Results In the mandible anlage, in addition to the woven bone, cartilaginous and chondroid tissues are present. Cartilaginous tissue islets are localized at the tip of the condylar and coronoid processes and also in the region of the mandibular symphysis. The chondroid tissue is incorporated into the bone in the region of the mandibular symphysis, along the edge of the coronoid process, and also in the alveolar part of the mandible. Conclusion Meckel's cartilage participates in the formation of the mandibular body, and its remains persist in the area of the mandibular symphysis until the second half of the prenatal development.
Introduction
In an adult, the mandible is an unpaired bone that forms part of the facial skull. In newborns, it consists of two halves separated by a mandibular symphysis, which, in addition to fibrous connective tissue, includes fragments of cartilaginous tissue (chondriola symphysea), as well as one or more ossicula mentalia. 1 The two halves of the mandible and ossicula mentalia combine into a single bone in the first year of life (by 9-12 months).
The mandible as the derivative of the first pharyngeal arch develops from the cells of the neural crest, which migrate to the mandibular processes of the mandibular arch in the 4th week of embryonic development. 2 Differentiation of the cells of the ectomesenchyme of the first pharyngeal arch begins after ingrowth of the maxillary nerve, which, due to neurotropic factors, induces chondrogenesis and osteogenesis.
An important role in the mandible morphogenesis is played by Meckel's cartilage-"the primary lower jaw." It is a template by which the size of the primary ossification centers increases. In the experiment, external influences that disrupt the growth of Meckel's cartilage lead to mandibular hypoplasia. 3 At present, the question of Meckel's cartilage ossification and its incorporation into the mandibular body remains controversial. In addition, the participation of secondary cartilage in the formation of the mandible has not been adequately described in the literature.
The purpose of this study is to detect an interaction between cartilaginous and bone tissues in the process of mandible morphogenesis in human embryos.
Material and Methods
Forty-eight human embryos/fetuses between 5 and 29 weeks in utero and without visible developmental anomalies were studied. Their age was determined by the crown-rump length (CRL) or according to obstetric anamnesis (►Table 1). Part of the material was totally stained with Alcian blue and Alizarin red, followed by clearing in an alkaline solution. Serial histological sections of entire embryos from the collection of the Normal Anatomy Department and Histology, Cytology and Embryology Department of the Belarusian State Medical University together with individual fragments of the mandibleimpregnated by silver nitrate, according to Bilshovsky-Buke, and stained with hematoxylin and eosin-were also studied. The present study was approved by the Medical Ethics Committee of the Belarusian State Medical University, Minsk, Belarus (Protocol No.: 2017/2).
The present study was approved by the Medical Ethics Committee of the Belarusian State Medical University, Minsk, Belarus (Protocol No.: 2017/2). Photos of anatomical and histological specimens were obtained using a Leica Microsystems stereomicroscope (Leica Microsystems, GmbH, Wetzlar, Germany) and an optical microscope Leica DM2500 (Leica Microsystems).
Results
By the beginning of the 5th week of embryogenesis, the lower wall of the stomodeum is formed from the fusion of the two mandibular processes. In human embryos with a CRL of 13 mm, in the mandibular processes, next to the third branch of the trigeminal nerve, a Meckel's cartilage anlage in the form of mesenchyme condensation is revealed. In the 7th week of prenatal development, Meckel's cartilage is a paired typical hyaline cartilage surrounded by perichondrium that extends from the ear capsule to the midline, where the cartilages of opposite sides are separated by a layer of mesenchymal tissue. On the lateral side of the Meckel's cartilage, there is the inferior alveolar nerve, on the medial side-the lingual nerve, which is directed toward the tongue anlage.
In embryos with a CRL of 13 mm (7 weeks), on the histological sections from both sides of the midline outside the Meckel's cartilage, the primary center of ossification appears in the thickness of the mesenchyme of the mandib-ular processes (►Fig. 1A). In this area, the bony trabeculae containing the oxyphilic extracellular matrix are formed. Presence of bony trabeculae indicates the beginning of organic matrix (osteoid) secretion by osteoblasts. The primary center of ossification first looks like a plate located on the lateral side of the Meckel's cartilage and is separated from it by the inferior alveolar nerve. In the following, the process of intramembranous ossification extends downward, backward, forward and upward. By the end of the embryonic period, the anlage of the mandibular body is formed by two bone plates. They partially merge, resulting in the formation of the Y-shaped structure, which, in the form of a groove, covers the inferior alveolar nerve from below (►Fig. 1B). The medial bone plate is in close contact with the perichondrium of Meckel's cartilage. There is a wide gap (the area of the future mental foramen) in the lateral bone plate. At this point, the inferior alveolar nerve turns to the side and appears outside the lateral bone plate continuing as the mental nerve (►Fig. 1C, D).
In the serial sections of the embryo with a CRL of 48 mm (12th week of development), mesenchymal condensation is revealed in the region of the future condylar process. It is located on the distal (posterior) end of the bony trabeculae of the mandibular body, covered with the periosteum. Soon the mesenchymal condensation is replaced by a cartilaginous tissue. Due to its rapid increase in volume in fetuses at 11 to 12 weeks of development, cartilage (the core of the condylar process) is formed, which looks like an inverted cone (►Fig. 1E). Its broad base is turned toward the mandibular fossa of the temporal bone, and the apex is directed in the opposite direction, reaching the level of the mandibular foramen. Outside the cartilage, a periosteal bone collar is formed. The collar causes dystrophic changes in the underlying cartilage that manifest hypertrophy of the 
chondrocytes, the vacuolization of their cytoplasm and karyopycnosis, and the mineralization of the matrix in the form of deep purple spicules. Shortly after the appearance of condylar cartilage, the periosteal collar leaves only a small portion of it uncovered at the very end of the condylar process-the head of the mandible.
In the human fetus with a CRL of 73 mm (14th week of development), the head of the mandible and mandibular fossa form temporomandibular joint. An articular cleft completely separates the surfaces of the bony anlages from the articular disc. In human fetuses, starting at 12 weeks of age, the cartilage of the head gradually differentiates into several layers. Twenty-week-old fetuses have superficially located elongated cells-the perichondrium (fibroblastic layer), which extends into the periosteum of the mandibular ramus. A layer of polymorphic cells surrounded by a small amount of basophilic intercellular matrix lies deeper continuing in the wide zone of flat cells. The layer of hypertrophic chondrocytes borders on the zone of cartilage erosion. From the side of the mesenchyme surrounding the cartilage, vascular channels grow into the mandibular condyle. At 12 to 16 weeks of intrauterine development, the end of the coronoid process of the mandible also reveals a site of cartilage, characterized by alzianophilia on cleared human embryos (►Fig. 1F). Histological examination of 20-weekold fetuses revealed the presence of groups of hypertrophic chondrocytes in partially mineralized matrix, surrounded by areas of woven bone, near which the cartilage is partially destroyed. In addition, a strip of cartilaginous tissue was found along the edge of the coronoid process. Within the oxyphilic bone matrix, simultaneously with osteocytes, populations of densely lying large cells located inside the lacunae are determined. The pericellular region around these cells is characterized by a weak basophilia.
Simultaneously with the appearance of cartilage in the condylar and coronary processes, the transformation of the microscopical structure of the Meckel's cartilage begins. In fetuses in the 11th week of intrauterine development, this structure remains intact from the middle ear to the mandibular symphysis, but somewhat changes the direction of its course. Closer to the distal end, the cartilage sharply deflects laterally and closely interacts with the mandibular body anlage. At this point, the cartilage is surrounded by bone trabeculae on three sides. Only its medial surface remains uncovered by bone. The distal end of the Meckel's cartilage is curved in the medial direction toward the cartilage of the opposite side, from which it is separated by a thin interlayer of mesenchyme. In embryos between 13 and 16 weeks, from the lateral side of the Meckel's cartilage through its direct contact with the bone plate of the jaw anlage, hypertrophic chondrocytes are revealed, the integrity of the cellular lacunae walls are broken, and the intercellular matrix is degraded. The described morphological features are the initial manifestations of the destructive degeneration, which gradually spreads across the cartilage (►Fig. 1G, H). As a result of the destruction of the Meckel's cartilage, cavities filled with an immature myeloid tissue appear, and areas of the calcified extracellular matrix and woven bone from the side of the perichondrium are identified on non-decalcified preparations. The most distal end of the Meckel's cartilage is separated as an independent structure located in the thickness of the mesenchyme separating the two halves of the mandibular body (►Fig. 1I).
In 16-week-old fetuses, in the region of the mandibular symphysis, next to the remains of the Meckel's cartilage, additional fragments of cartilaginous tissue of round or oval shape-consisting of large chondrocytes in the center and smaller cells along the periphery-are identified.
In fetuses between 20 and 29 weeks in utero, the mandibular body looks open from the part above the groove, which contains teeth and the inferior alveolar nerve and vessels. In the mesenchyme of the caudal portion of the mandibular symphysis, from its lingual side, several areas of the cartilaginous tissue are identified alongside the midline. At this point, the symphysis has the form of a triangular extension with the base facing its lingual side.
The paired cartilaginous structures located on both sides of the midline are considered to be the distal portions of the Meckel's cartilage, which undergo progressive atrophy. Microscopically, these structures look like a part of the Meckel's cartilage, located from the medial side of the body of the mandible closer to its angle. In addition to the remnants of the Meckel's cartilage, there is another unpaired cartilaginous rounded structure in the region of the mandibular symphysis, which is located along the midline (►Fig. 1J). According to the histological structure, this structure is a typical hyaline cartilage.
In the woven bone, at the distal end of the bone anlage of each half of the mandible facing the mandibular symphysis, areas of the cartilaginous tissue are identified, comprising large, densely located cells of oval shape surrounded by a small amount of a homogeneous matrix, which is slightly basophilic in the pericellular region (►Fig. 1K). The presence of a cartilaginous tissue was also found in the alveolar ridge on the lingual side of the mandibular body anlage.
Discussion
Embryogenesis of the mandible is at the top of the discussions among experts studying the morphogenesis of the maxillofacial region.
We have established that two primary ossification centers fused in the midline of the mandibular processes of the human embryos from outside the Meckel's cartilage, near the inferior alveolar nerve. The time and the place of their appearance are consistent with published data. week-old fetuses, we observed thinning and subsequent fragmentation of the middle segment of Meckel's cartilage, surrounded by bone tissue from three sides. Chondrocytes, which are the part of this segment, had varying degrees of destructive degeneration, similar to those in endochondral ossification. According to Yang et al. (2012) 9 the destruction of Meckel's cartilage begins with the accumulation of autophagic vacuoles in the cytoplasm of chondrocytes with products of destruction of the extracellular matrix, which subsequently leads to cell death. Classical apoptosis of the cartilaginous cells takes place during endochondral ossification. Authentic endochondral ossification is characterized by the proliferation of chondrocytes first, and then by their hypertrophy followed by calcification of the extracellular matrix. We observed the calcification of the Meckel's cartilage matrix and the formation of woven bone from the side of the perichondrium on nondecalcified preparations. Thus, we should agree with the opinion of the authors who assert that Meckel's cartilage takes part in the formation of the mandibular body.
The proximal extremity of Meckel's cartilage also undergoes ossification to form two of the auditory ossicles, the malleus and incus. In mammals the greater part of this embryonic cartilage between the proximal and distal ossified extremities degenerates to become a fibrous tissue in which amorphous remnants of cartilage may persist for some time. In man ossification of all or part of this fibrous tissue along the medial surface of the mandible results in the bony anomaly called mylohyoid bridge. 10 The ossified middle segment of Meckel's cartilage was present in the symmetrodont Zhangheotherium from Liaoning. 11, 12 This fact supports the assumption that chondrocytes from all parts of Meckel's cartilage can transform into the bone. Yang et al (2014) 13 show that hypertrophic chondrocytes can survive the cartilage-to-bone transition and become osteoblasts and osteocytes during endochondral bone formation and in bone repair.
Most of the mandible in embryogenesis is formed by direct osteogenesis, although some of its parts develop on basis of secondary cartilage by indirect osteogenesis. 8 Secondary cartilages appear in embryogenesis later than the primary cartilages forming the chondroskeleton. The periosteum of the primary ossification centers is the source of their development. In the literature, the presence of secondary cartilages was found in the condylar and coronary process, in the mandibular symphysis and the angular region of the mandible, and also in the alveolar ridge at the level of i1, i2, m1, m2, and M1 tooth germs. 8, 14, 15 Our data about secondary cartilage origin time in embryogenesis are coincident with published data. 8 There is a typical hyaline cartilage at the end of the condylar and coronary processes of the mandibular angle, as well as between its two halves in the mandibular symphysis region. We have identified the areas of cartilaginous tissue incorporated into the bone along the edge of the coronoid process, in the alveolar crest and in the region of the mandibular symphysis. It can be classified as cartilaginous (chondroid) tissue 1, 16 considering its location and external resemblance to the cartilaginous and bone tissue simultaneously.
In 20 to 29 week-old-fetuses there are round shape fragments of cartilage-chondriola symphysea-between the mesial ends of the two halves of the mandible body. There are different opinions about the origin and subsequent modification of these structures in the process of embryogenesis in the literature.
Some authors 2 believe that the chondriola symphysea are the remains of the Meckel's cartilage (Meckelian islets), which turn into the mental ossicula (ossicula mentalia) during ossification. Other researchers hold the view that these cartilages are secondary cartilage, which are formed in the mesenchyme of the mandibular symphysis de novo, 17 and the distal segment of the Meckel's cartilage is a transient structure. 1 It has no physiological significance and by the 6th month of intrauterine development disappears as a result of an atrophic degeneration process in the cartilage. 7 We found the presence of both the primary (Meckel's) and secondary cartilages in the mandibular symphysis region of 16 to 20 week-old fetuses. At the same time, the morphological signs of Meckel's cartilage physiological atrophy, such as a decrease in its size, vacuolization and karyopycnosis of a part of the chondrocytes, the desolation and reduction of the area of the perichondrocytic lacunae, are revealed.
Condylar cartilage appears between the 11th and 12th week of intrauterine development and forms a cartilaginous core of the condylar process, which gradually "plunges" into the bone tissue. In the following, as a result of ossification, most of the cartilage integrates into the condylar process, undergoing endochondral ossification. Finally, cartilaginous tissue remains only in the head of the mandible. The condylar cartilage is an analogue of the epiphyseal cartilage. Proliferation of its cells provides an increase in the size of the mandible both in prenatal and postnatal ontogenesis. 14 Unlike the epiphyseal plate of long bones, the replacement of condyle cartilage by bone occurs only from the side facing the mandibular body.
The cartilage on the apex of coronoid process appears a bit later than the condyle cartilage. It is a transient structure, which is subsequently replaced by bone.
The transcription factor Sox9 and external mechanical effects such as pressure, 8 for example, are stimuli that affect the development of cartilage. The secondary cartilage appearance in the mandibular symphysis region in embryogenesis coincides with the first swallowing movements of the fetus. The movements in the temporomandibular joint are also likely to promote the differentiation of the mesenchymal cells of the mandibular condyle into the chondrocytes, as demonstrated in a study by Habib et al (2005) . 18 
Conclusion
In humans, two centers of intramembranous ossification in the mandibular arch appear at the 7th week of embryogenesis. There is a cartilaginous and chondroid tissue in the mandible anlage in addition to the woven bone. Hyaline cartilage is localized at the end of the condylar and coronoid processes, and also as an independent structure in the mandibular symphysis region. The chondroid tissue is incorporated into the bone near the mandibular symphysis and along the edge of the coronoid process. It is also present in the alveolar part of the mandible. Meckel's cartilage is the "primary lower jaw" and persists in the development process until the morphogenesis of the temporomandibular joint is completed and the two halves of the mandible come closer along the midline. In the following, the cartilage undergoes involution and loses its integrity. By the 20 to 29th week of embryogenesis, its remnants persist near the distal part of the body of the mandible and in the mandibular symphysis region.
